Xylanase has been used extensively in the industrial and agricultural fields. However, the low-yield production of xylanase from native species cannot meet the increasing demand of the market. Therefore, improving the heterologous expression of xylanase through basic gene optimization may help to overcome the shortage. In this study, we synthesized a high-GC-content native sequence of the thermostable xylanase gene xynB from Streptomyces olivaceoviridis A1 and, also designed a slightly AT-biased sequence with codons completely optimized to be favorable to Pichia pastoris. The comparison of the sequences' expression efficiencies in P. pastoris X33 was determined through the detection of single-copy-number integrants, which were quantified using qPCR. Surprisingly, the high GC content did not appear to be detrimental to the heterologous expression of xynB in yeast, whereas the optimized sequence, with its extremely skewed codon usage, exhibited more abundant accumulation of synthesized recombinant proteins in the yeast cell, but an approximately 30% reduction of the secretion level, deduced from the enzymatic activity assay. In this study, we developed a more accurate method for comparing the expression levels of individual yeast transformants. Moreover, our results provide a practical example for further investigation of what constitutes a rational design strategy for a heterologously expressed and secreted protein.
Xylan is the major component of hemicellulose in the cell wall and the middle lamella of plant cells. It is a heteroglycan with a linear backbone made up of β-D-xylopyranose residues linked by β-1,4-glycosidic bonds [8] . Xylan has a high potential for conversion to useful end products.
Xylanases (E.C. 3.2.1.8) catalyze the hydrolysis of the β-1,4-glycosidic bonds in the xylan backbone to produce xylooligosaccharides, which, in turn, can be converted into xylose by β-xylosidase [9] . Xylanases can be divided into two families, GH10 and GH11, based on amino-acid sequence homologies and hydrophobic cluster analysis [16] . GH10-family xylanases have a TIM barrel-folded catalytic domain and a molecular mass range of 40-50 kDa [27] , whereas GH11-family xylanases are generally composed of two antiparallel beta-sheets with a molecular mass range of 20-30 kDa [34] . Several thermostable xylanases (xynB) have been categorized into the GH11 family based on their 3D structures [15] .
The market demand for xylanase has increased significantly in previous decades [33] . Xylanases have been widely used in the bread, juice, wine, and textile industries [4] , and as biological bleaching agents intended to reduce pollution from organochlorines in the pulp and paper industries [5] . Xylanases have also been used extensively in animal feed to reduce the viscosity of the raw material, resulting in improved feed digestion, enhanced performance of poultry and pigs, and reduced unwanted residues in the excreta, which lead to reduced environmental contamination [36, 38] . However, the practical application of xylanases cannot be achieved unless they are available in sufficient quantities. At present, the native production of xylanases cannot meet the market's demand, owing to low yields. Therefore, heterologous expression is the primary method for the production of xylanases at the industrial level [1] . To this end, the P. pastoris expression system has been increasingly used for production of a variety of heterologous proteins, because this methylotrophic yeast possesses a number of attributes that render it an attractive expression host [10] .
Codon bias is often considered to be an important factor affecting the expression level of functional proteins in heterologous hosts. Some reports have shown that codon optimization can improve expression levels in P. pastoris [28, 31, 39] . However, few studies have directly examined whether a method in which a complete coding sequence that is modified such that only one codon -the codon used most frequently by the host -is employed for each amino acid (the so-called "one amino acid -one codon" approach) is capable of improving heterologous protein expression in P. pastoris.
The copy number of integrated transgenes in the expression host has been demonstrated to affect the expression level of the heterologous protein [24, 35] . Therefore, it is possible to obtain more accurate results by comparing the expression levels of various constructs from integrants with identical copy numbers. In this study, we synthesized the thermostable xylanase gene xynB from Streptomyces olivaceoviridis A1, with the xynB codons optimized in the "one amino acid -one codon" approach, together with the native sequence, and then compared the expression levels from single-copy-number integrants, which were measured through a qPCR method.
MATERIALS AND METHODS

Measures of Synonymous Codon Usage Bias
The effective number of codons (ENC) is one of the most common indices for the measurement of codon bias [40] . ENC is analogous to the effective number of alleles, which is an index utilized in population genetics. The calculated value of the ENC ranges from 20, for a gene with extreme bias and using only one codon per amino acid, to 61 for a gene with no bias and using synonymous codons equally. The ENCs and GC contents of the original and redesigned xylanase genes were calculated using codonW (http:// codonw.sourceforge.net//).
Vectors Construction and Transformant Identification
Xylanase gene xynB, derived from Streptomyces olivaceoviridis A1 (GenBank Accession No. DQ465452.1), was optimized using the "one amino acid -one codon" approach, in which the synonymous codon most frequently used by P. pastoris was employed for each amino acid (Table 1) . The native sequence, with EcoRI and XbaI sites on each terminus, and the optimized sequence, with EcoRI and NotI sites on each terminus, were both synthesized into the pBluescript II SK(+) vector by Sangon Biotech (Shanghai, China). Both sequences were then digested from the pBluescript II SK(+) vector using the corresponding restriction endonucleases and cloned upstream of the His tag in the yeast expression vector pPICZαA (Invitrogen, CA, USA) to generate the recombinant plasmids pPICZα-XYNB and pPICZα-XYNB-OPT (Fig. 1) .
Approximately 10 µg of recombinant plasmid linearized with the SacI nuclease was introduced into P. pastoris X33 competent cells, which were prepared according to Invitrogen's protocols. The electroporation was performed using a Gene Pulser Xcell Electroporation System (Bio-Rad, Hercules, CA, USA) at 2,000 V and 4.9 ms. Positive transformants were screened on YPDS [1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose, 1 M sorbitol, and 2% agar] supplied with 100 µg/ml Zeocin (Invitrogen, CA, USA) for four days. Then, PCR analysis was performed to analyze the positive transformants. The genomic DNA of transformants was extracted using the method of Amberg et al. [2] . A pair of primers designed to amplify the inserted fragment was used ( Table 2 ). The amplification program was as follows: denaturing for 5 min at 95 Copy Number Quantification by Real-Time PCR To determine the number of copies of chromosomally integrated transgenes in positive transformants, a quantitative real-time PCR (qPCR) method was applied [42] . Briefly, the genomic DNA of P. pastoris X33 was diluted 1:10 five times. In each dilution, the Ct values of the homoserine-O-transacetylase gene (MET2) and AOX1 gene in P. pastoris X33 were measured in triplicate. Then, the mean of the Ct values was plotted against the logarithm of the corresponding template copy number (dilution). Ultimately, a standard curve was generated by a linear regression of the plotted points. The insertion of one copy of the pPICZαA expression construct into the genome of P. pastoris through single crossover adds an additional AOX1 promoter into the genome. Thus, the inserted-gene copy number of each transformant can be determined by comparing the total number of copies of the AOX1 promoter with those of the MET2 gene, which was determined to be present as a single copy within the genome of P. pastoris [23] . The primers used for the qPCR are listed in Table 1 . The qPCR mixture was composed of 5 µl of 2× reaction buffer from a SYBR Premix Ex Taq qPCR kit, provided by Takara (Japan), 100 ng of genomic DNA, and 0. 
Xylanase Enzymatic Activity Assay
The xylanase activity of the supernatant was determined by measuring the amount of xylose released from birchwood xylan using the 3,5-dinitrosalicylic acid (DNS) reagent, as described by Miller [3, 25] . Briefly, the diluted supernatant and xylan were incubated at 60 o C for 5 min in an acetic acid-sodium acetate buffer (pH 5.2). The amount of reduced sugar produced in the assay was determined by the DNS method using xylose (Sigma, USA) as a standard. One unit of enzymatic activity was defined as the quantity of enzyme capable of releasing 1 µmol of xylose from xylan per minute under the assay conditions. For measuring the enzymatic activity of the intracellular xylanase, the whole proteins in the cells were extracted using the YeastBuster Protein Extraction Reagent Kit (Germany).
SDS-PAGE and Western Blot Analysis
Proteins in 30 µl of supernatant were separated by electrophoresis on 12% (w/v) SDS-polyacrylamide gels and visualized by Coomassie Brilliant Blue R-250 staining. The protein ladder PageRuler (Fermentas, Canada) was used as the molecular weight standard. For analyzing the intracellular xylanase, the total intracellular proteins harvested from three pPICZα-XYNB transformants or pPICZα-XYNB-OPT transformants were mixed, and then quantified using a BCA protein assay kit (Kaiji, Nanjing, China). Then 40 µg of mixed proteins were loaded to the wells of SDS-polyacrylamide gels for electrophoresis.
For Western blot analysis, the separated proteins on SDSpolyacrylamide gels were transferred to PVDF membranes (BioRad, USA) at 20 V for 40 min, and then blotted with a rabbit anti-6× His-tag polyclonal antibody (1:1,000 dilution) (Abcam, UK) and a mouse anti-rabbit IgG (1:4,000 dilution) conjugated with horseradish peroxidase (HRP). The blotting signal was detected through the catalysis of electrochemiluminescence (ECL) reagent with HRP.
Glycosylation Analysis
To remove N-linked oligosaccharides from xylanase, we used the endo-β-N-acetylglucosaminidase H (endo H) (NEB, UK) to cleave the various high-mannose oligosaccharides. Approximately 20 µg of recombinant xylanases was boiled with 1× denaturation buffer for 10 min, and then supplemented with 1/10 volume of 10× G5 buffer and 2 µl of endo H. The mixture was then incubated at 37 o C for 1 h. The deglycosylated proteins were then subjected to Western blot analysis.
RESULTS
Measurement of Codon and Nucleotide Bias from Native and Codon-Altered xynB Sequences
The native coding sequence of the thermostable xylanase xynB from Streptomyces olivaceoviridis A1 has a high GC content (64.7%) and a frequent GC base (95.5%) at the third position of synonymous codons (Table 3 ). In contrast, the codon-optimized xynB sequence exhibits a significantly reduced GC content (40.2%), and a considerably lower frequency of GC base (24.6%) at the third position of synonymous codons. The relatively lower effective number of codons (31.23) in the native sequence indicates the Table 2 . List of primers used in this study. The synthesized native sequence of xynB and the codon-optimized sequence xynB-OPT were inserted downstream of the secretory signal of the α-mating factor derived from Saccharomyces cerevisae on the pPICZαA vector and were inserted in a reading frame enabling the production of a recombinant protein fused with a c-myc epitope and a His tag.
uneven use of synonymous codons within the xynB gene of Streptomyces olivaceoviridis A1. The further reduced effective number of codons (20) of the optimized sequence indicates that only the most favorable synonymous codon of P. pastoris is effectively used for each amino acid. The preferred codons used in Streptomyces olivaceoviridis are disparate from those preferred by the expression host P. pastoris (Table 1) . Therefore, the two sequences exhibit strong differences in codon usage.
Real-Time qPCR Approach for Copy Number Determination
Positive transformants were first identified by PCR analysis (Fig. 2) . Next, a real-time quantitative PCR (qPCR) method, modified from Lin-Cereghino's method [23] , was employed to quantify the copy number of transgenes within positive transformants. Fig. 3 indicates that reliable standard curves for the MET2 gene and the AOX1 promoter were produced by quadruple independent qPCR reactions (R 2 > 0.995). Because the MET2 gene and the AOX1 promoter are both single-copy in P. pastoris, the insertion of the pPICZαA expression construct will generate one additional copy of the AOX1 promoter in the genome. Thus, the transgene copy number can be easily deduced from the copy number ratio of the AOX1 promoter to the MET2 gene in each transformant, as calculated from the standard curves. Among 11 randomly selected pPICZα-XYNB transformants, which were screened on YPD supplemented with 100 µg/ml Zeocin, at least eight transformants were estimated to be single-copy integrants (Table 4) . Similarly, 8 out of 10 pPICZα-XYNB-OPT transformants were determined to be single-copy number. The occurrence of multiple-copy-number insertions was relatively reduced through single crossover in this study. This result was consistent with most previous reports [10] .
Comparison of Secretory Expression by Native and Codon-Altered xynB Sequences
Under the direction of α-mating factor derived from Saccharomyces cerevisiae, recombinant xylanase produced from both native and codon-optimized xynB were successfully secreted into the culture medium ( Fig. 4A and 4B) . However, the recombinant protein exhibited two isomers, one with a molecular mass of 36 kDa and one with a smaller molecular mass of 32 kDa, and both isomers exhibited a molecular mass greater than the 21 kDa theoretical molecular mass calculated from the xynB amino acid sequence. This finding is presumably due to the posttranslational glycosylation of the secreted protein by P. pastoris [30] . After removing The pPICZα-XYNB transformants 7, 9, and 11 and the pPICZα-XYNB-OPT transformants 6, 9, and 11 are representatives of the PCR screen of positive integrants. M indicates molecular weight standards. The screening of the Mut + integrants X33 generates two bands. The 1,133 bp amplicon corresponds to the size of the integrant, and the other 2.2 kb amplicon corresponds to the size of the AOX1 gene. Fig. 3 . Standard curves for measuring the copy numbers of the MET2 gene (○) and the AOX1 promoter (△).
A 1:10 serial dilution of genomic DNA from Pichia pastoris X33 was arbitrarily determined to harbor 10 1 to 10 5 copies of the MET2 gene and the AOX1 promoter. The logarithm of copy number was assigned to the Y axis. The mean of the Ct value from quadruple qPCR analysis was plotted against the corresponding logarithm of copy number. A standard curve was then drawn by linear regression through these points. the N-linked oligosaccharides from the secreted xylanase by glycosidase endo H, the apparent molecular mass of the deglycosylated protein was reduced to around 21 kDa (Fig. 4D) , which is consistent with the theoretical molecular weight. This is similar to a previous study expressing the same protein using P. pastoris GS115, except that only one apparent molecule mass of about 31 kDa was determined in their study [37] . Fig. 4A and 4B show that during the seven days of continuous induction with methanol, recombinant xylanase secreted from both single-copy-number integrated constructs gradually accumulated in the culture medium. However, unexpectedly, recombinant xylanase expressed by the native xynB sequence, which has a high GC content, appeared to reach a relatively greater accumulation more quickly than the xylanase expressed from the xynB-OPT sequence, which had codons adjusted to P. pastoris's preferred codon-usage pattern. The expression level from the native sequence increased to a significant level on the third day after induction, whereas the expression level from the codonoptimized sequence required an extra two days to achieve a similarly high expression level. In contrast, the intracellularly retained recombinant xylanase expressed from the native xynB sequence appeared to accumulate less intensively than that expressed from the xynB-OPT sequence (Fig. 4C) . Compared with xylanase accumulation in the pPICZα-XYNB transformants, much more abundant intracellular xylanase accumulation in the pPICZα-XYNB-OPT transformants was observed on the fourth day after induction, which corresponds to less intensively secreted xylanase in the supernatant. The intracellular accumulation of xylanase in the pPICZα-XYNB-OPT transformants increased remarkably during induction. Contrarily, the intracellular accumulation of xylanase in the pPICZα-XYNB transformants appeared to increase gradually during induction.
Enzymatic analysis of the xylanase secreted into the supernatant by the two different constructs also exhibited a result similar to that of the SDS-PAGE and Western blot analysis ( Fig. 5A and 5B). The average xylanase enzymatic activity in the supernatant generated by single-copy integrated pPICZα-XYNB transformants increased dramatically from the base level of 547.93 IU/ml on the first day to 2,120.405 IU/ml on the fourth day after induction, and ultimately reached 2,820.06 IU/ml at the end of induction (Fig. 5A) . Conversely, the single-copy integrated pPICZα-XYNB-OPT transformants had a significantly delayed expression period during induction. The average xylanase Fig. 4 . SDS-PAGE and Western blot analysis of the secretion over time of recombinant xylanase into the supernatant, either from the native xynB sequence (A) or from the codon-optimized sequence (B). Western blot analysis of intracellular recombinant xylanase either from the native xynB sequence or from the codon-optimized sequence (C), and the gel-shift assay of N-glycosylation of recombinant xylanase with endo H (D). Thirty µl of supernatant from each sample was loaded into a gel for SDS-PAGE analysis, and 0.5 µl of supernatant was used for Western blot analysis. M indicates protein molecular weight standards. The transgene copy number in individual transformant was one less than the ratio of AOX1 promoter copy number to MET2 gene. For each transformant, the qPCR test was performed in triplicate.
activity in the supernatant increased gradually from the base level of 399.93 IU/ml on the first day to 2,022.53 IU/ml, which was comparable to the fourth day's activity level yielded by pPICZα-XYNB transformants at the end of induction. The differences in expression between the two types of transformants remained largely unchanged after normalizing the xylanase activity to the optical density of the yeast cells in the supernatant (Fig. 5B) . The xylanase activity measured in the supernatant from pPICZα-XYNB transformants increased sharply on the third day after induction and immediately reached a high level, whereas the xylanase activity measured in the supernatant from pPICZα-XYNB-OPT transformants gradually increased over several days and ultimately reached a level comparable to that of the pPICZα-XYNB transformants after only three days. Interestingly, the intracellular xylanase enzymatic activity in both transformants did not exhibit a steady increase during induction. The enzymatic activity rapidly increased from the second day after induction, and reached the peak on the fourth day, and then plummeted in the following days ( Fig. 5C and 5D ). To our surprise, the more abundant intracellular accumulation of recombinant xylanase in pPICZα-XYNB-OPT transformants was not reflected in a higher enzyme activity, whereas a lower enzymatic activity was exhibited when compared with that in pPICZα-XYNB transformants. Taking all of the results together, it is clear that the recombinant proteins expressed from the native sequence have the potential to be secreted more efficiently from P. pastoris than that from the "one codon -one amino acid"-optimized xynB sequence. The diamond symbol stands for the pPICZα-XYNB construct, whereas the circle symbol indicates the pPICZα-XYNB-OPT construct. Both the enzymatic activity and the optical density of each sample were measured in triplicate. The value is presented as mean±SE (n = 3).
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DISCUSSION
The methylotropic yeast P. pastoris has become a popular expression system for the production of a variety of heterologous proteins. However, varying degrees of success have been achieved in producing proteins with this system. Codon optimization strategies have often been employed to improve protein expression levels [28, 31, 39, 41] . However, in these studies, the copy numbers of various integrants were not determined or modulated. Multiple copies of transgenes may integrate after electroporation, and gene dosage has been proven to influence the expression levels of some proteins [7, 35, 42] . Therefore, by eliminating the effects of gene dosage, we can draw a more reliable comparison of the relative expression efficacies exhibited by a native sequence and a codon-optimized sequence. In this study, we adopted a convenient and highly reproducible qPCR method [42] to determine the number of transgene copies within positive transformants.
Out of a number of randomly screened transformants, more than 10% appeared to harbor more than one copy number of the transgene. Only single-copy transformants were then selected for subsequent comparison analysis. That organisms display a non-random pattern of synonymous codon usage was first observed decades ago [13] . In subsequent years, substantial reports have shown that the frequency of a codon's cognate synonymous codon is correlated with the abundance of its cognate tRNA isoacceptor [26] . The prevailing explanation for this phenomenon is the major codon preference model [6] , which proposes that the main reason for selection in codon bias may be that the increased use of major codons leads to more efficient and accurate translation. According to this model, the thermostable xynB sequence, with its codon optimized using the "one amino acid -one codon" approach, would have been expressed more efficiently than the native sequence, owing to the increased use of major codons (Table 1) . At the initial stage of induction, the amounts of recombinant proteins secreted from both pPICZα-XYNB and pPICZα-XYNB-OPT transformants were close to each other. However, apparently more intracellular accumulation of recombinant proteins in the pPICZα-XYNB-OPT transformants was observed on the second day after induction (Fig. 4 and 5 ). This may indicate that protein synthesis efficiency was improved using the codon-optimized sequence. This result seems to support the major codon preference model. On the other hand, the accelerated heterologous protein synthesis in the pPICZα-XYNB-OPT transformants may result from an altered mRNA secondary structure.
However, in contrast to this prediction, a reduction in expression following codon optimization was observed in this study. One possible explanation is that, during induction, an intensively transcribed mRNA from a "one amino acid -one codon"-optimized gene will generate relatively high synonymous codon concentrations to its cognate tRNA, and may cause a "hungry codon syndrome," which causes a ribosome progressing on the heterologous mRNA to stall at positions requiring a tRNA that is either depleted or largely uncharged with acyl-amino acid, resulting in an increased risk of translational error [22] . On the other hand, if the "hungry codon syndrome" fails to happen, the increasing elongation rate might not directly contribute to the increased translational efficiency and accuracy of a particular gene. Some genes have been found to be under selective pressure for unfavorable synonymous codons [32] . The use of unpreferred synonymous codons may possibly be necessary when there is a need to pause on translation. It may be advantageous for these genes to include rare codons in intradomain regions or on the boundaries of various secondary structures, because these codons may cause a slowdown in translation, which may then enable better domain folding [17] . Evidence has suggested that synonymous mutation could alter protein structure and activity, probably mediated by induction of translational pausing at rare codons [21, 29] . As considerable Streptomyces olivaceoviridis favored synonymous codons are rarely used by Pichia pastoris (Table 1) , it is probably that the translational machinery has to pause to enable tRNA recruitment on the mRNA of the native xynB sequence. Such pausing in turn could enable the protein to find new structures, which may result in altered enzymatic activity or thermostability. Therefore, we propose that introducing unfavorable codons into the major domains of the "one amino acid -one codon"-optimized xynB gene may enhance its translation efficiency. Mammalian codon bias tends to favor a high GC content, and the optimization of codons for expression in prokaryotic and lowereukaryotic hosts has favored slightly AT-biased codons, which may increase heterologous protein production through loosening an overly stable mRNA secondary structure [14, 20, 31] . Adjusting the high GC content (64.7%) of the thermostable xynB gene to lower content (40.2%) may confer to an optimized mRNA secondary structure, which could facilitate recombinant protein synthesis in P. pastoris.
Despite that the native sequence of xylanase xynB contains a high GC content, it appeared to be highly expressed and efficiently secreted in yeast P. pastoris. Therefore, this result suggests that a high GC content may not be necessarily detrimental to efficient translation in the yeast P. pastoris. Since the native sequence of xynB has potential to be efficiently expressed and accumulated in the yeast cells, improving protein translation efficiency through codon optimization would not enhance secretory production but more possibly aggravate the congestion of the ER-Golgi pathway, and resulting in reduced harvest of secreted proteins. Therefore, an alternative strategy to improve secretory efficiency would be manipulating the ER folding machinery to prevent protein accumulation by overexpressing protein folding assistant enzymes or chaperones in the ER lumen [11, 19] .
Although an increasing number of successful improvements to the expression of a particular gene by codon optimization have been reported, a significant fraction of genes that have been redesigned exhibited little or no increase in protein expression [12, 18] . Moreover, in keeping with the results of our study, the optimization of some genes has led to the direct and observable reduction of protein production [14] . It appears that we have much left to learn regarding the conceptual design of gene sequences. Our study provides a practical example that may contribute to a better understanding of rational design strategies for proteinencoding genes.
